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GAMMA-RAY AND NEUTRON SPECTROSCCIPY OF
PLANETARY SURFACES AND ATMOSPHERES*

Robert C. Reedy
Los Alamos National Laboratory, Los Alamos, NM 87646

ABSTRACT

The neutrons and gamma rays escaping from a planet can be used
to map the concentrations of various elements in its surface. In a
planet, the high-energy particles in the galactic cosmic rays induce
a cascade of particles that includes many neutrons. The v rays are
made by the decay of the naturally-occurring radioelements and by
nuclear excitations i~,ducedby coemic-ray particles and their sec-
ondaries (especially neutrox.capture or inelastic scattering reac-
tions). After a short history of planetary q-ray and neutron spec-
troscopy, the q-ray spectrometer and active neutron detection system
planned for the Mars Observer Mission are presented. The results of
laboratory experiments that simulate the cosmic-ray bombardments of
planetary surfaces and th~ status of the theoretical calculations for
the processes that make and transport neutrons and q rays will be re-
viawed. Studies of Mars, including its atmouph~re, are emphasized,
as are new ideas, concepts, and problems that have arisen over the
last decade, such as Doppler broadening and peaks from neutron scat-
tering with germanium nuclei in a q-ray spectrometer,

INTRODUCTION

The energies and intensities of neutrons and q rays escaping
from a planet,with very little or no ~tmosphero can be used to map
the con:encrations of various elements in the top few tens of cen-
timeters of th. surface. In the planet, the high-energy particles
in the galactic cosmic rays (GCR) induce a cascade of particles that
includes many neutrons.1 The q ra.yaarg made by tho decay of the
naturally-occurr?ng radioactive elaments (K, U, ana Th) and by nu-
clear excitations induced by cosmic-ray particlas,2’3 The q rays usu-
ally used for chemical mappi.rigara produced by neutron-capture or
inelastic-scattering reactions. Certain ●lements, such as hydrogen,
carbon. samarium, and gadolinium, can strongly affect the spectrum
of n9utron8 !n a planet, and thus can be senaad indirectly and t.heir
concontrr,tion-versus-dapth profjle~ determined from neutron spoctra4’”

“7 from othor elomenta.or q rays The Earth’n atmosphere in so thick
(=1000 g cm 2, that few cosmic-ray particles roach tha surfaca, and
it also prevents -yrays made in tha surfaco from traveling very far.
Thus ~-ray spectroscopy on tho Earth has been limited to low-flying
searches for uranjum and studies of tho 7 :-aya near the top of tho
atmosphar~ . Planetary q-ray and n~utron apoctroscopy as considered
here refer to objects with no or thin atmospheres, such as the Moon,
Mare, asteroids, and comots.

* This work was supported by NASA and don. under tho auspices of

the U.S. Department of Energy.



Planetary q-ray and neutron spectroscopists were both proposed
around 1960 by Arnold,s Lingenfelter,4 and others. However. plan-
etary missions with such instruments have been very rare. On the
Apollo 15 and 16 missions in 1971 and 1972. respectively, NaI(Tl) V-
Iay spectrometers were flown, and spectra were accumulated over about
20% of the moon’s surface. Maps of iron, titanium, magn%aium, and
natural radioactivity were produced from the 4pollo ~-ray data.g’lo
Most existing reports for planetary q-ray spectroscopy dat6 back to
the Apollo era. Future missions will used advanced technologies for
both q-ray and neutro~lspectroscopy

High-purity-germanium -j-rayspectrometers are scheduled to be
launched in the 1990s on the Mars Observer, which will be in a polar
orbit. and probably on Soviet martian orbiters. The Mars Observer
Gamma-Ray Spectrometer (GM) also will include Instrumentation that
can detect thamal and epithermal neutrons. A q-ray apectrometerll
is part of the penstrator that has been tentatively accepted for
the proposod Comet Rendezvous Asteroid Flyby mission. The greatly
improved detection capabilities (such as the high resolution for
q rays) and ncw targets (e.g.. Mars with its thin atmosphere) have
been changing our ideas for planetary spectroscopy considerably since
the Apollo day~. The Mars Observer GRS with its nautron-detection
instrumentation is described bslow. Also discuaaed are the results
of some simulation exprimenta and preliminary results for T-ray and
neutron calculations for Mars. The new instruments will produce sig-
nificantly improved measurements, but they alao require additional
studies and calculation to anticipate possible complications arising
from their greater sensitivities.

GAMMA-RAY AND NEUTRON DETECTION ON THE MARS OBSERVER MISSION

The pr:posed Mars Observer q-ray detector will be a high-purity
n-type germanium (hpGe) diode with a 66-mm diameter and a 6f3-mm
length. It will be cooled to ~100 K by a passive radiator. The
hpGe will be surrounded by a plastic scintillator, and the GRS”S
electronics will reject aignala in tho hpGe detector that are in
coincidence with ~ signal in tha plastic acintillator, eliminating
background signals from the passage of charged cosmic rays through
the hpGe detector, Signaln from the hpCo for energies from -0,2
tr:---10MoV will be prnc~msod in a pulse height analyzar. Balow and
above %2,4 MoV, the epectra will have =0.6 and 1,2 kaV per channel,
rof3pect,ively, An ~ntile ~-ray spactrum (=10,000 channels) will be
tranemltced every -20 macands,

Thermal (LO.l 6V) and ~pithermal (+1-1000 eV) neutrons will
be detected using a boron--loadod~laatic ocintillator for the anti-
coincidance ~hield, The “)ll(n,o)Li reactions induced by theso neu-
trons in the berated pl,net~c will p~cduca a u~~que nignal in the
acintillatior’noutput,’~ tlocau-~the spacecraft moves at a velocity
allghtly fastsr (3 4 km/s) than that of a tharmal neutron, tho nau-
tron count ratfin in ●ath of the f~ur faces of tho anti-coincidence
shield (wl~ichin py~amld shaped and fixed relativo to the mpace-
craft’o velocity) can be uaad a- a Doppler flltar to detarmina the
fluxeo and spectral ohapeu of the ‘realand epitho:-mal nautrona. ‘.’



SIMULATION EXPERIMENTS

Several experiments have been done recently at accelerators to
simulate the processes that produce ~ rays in a planet’s surface. and
more are planned by the Mars Observer GRS team. In one series of ir-
radiations, thick targets were bombarded with 6-GeV protons,14 sim-
ulating the cascade of GCR particles in a large solid target. The
spectra of T rays measured in front of thick iron targets showed many
narrow lines whose fluxes were in good agreement with theoretical
calculations .14

As neutrons dominate the production of moat ~ rays,2)9 another
soriea Of irradiations was done using neutrons from a 14-hlQVneutron
ganerator.ls’le The concrete in the room around the neutron genera-
tor moderated many neutrons and produced neutrons with a continuum
of energies from 14 McV to thermal. Tho q-ray spectrum from the i.r-

16 is mhown in Fig. i.radiation of an aluminum target The fluxo8 of
q rays made by tho Fe(n,7) reactions were in good agreement with cal-
culation for tharmal neutrons, ●ven though the spactrum of neutrons
in the simulation had an epithermal/thermal ratio si~ilar to that in
the moon, showing that thexaal yields are good for calculating fluxes
of neutron-capture-produced q rays.16

Scvoral aspects of the results for the simulations with <14-MeV
neutrons wore different from our ●xperionca with the lou-resolution
Apollo q-ray data. As marked with diagonal lines in the top part of
Fig. 1, fivo peaks with unusual shap.s war. observed. Those ~eaks
aro ahapsd normally at their low-energy sides, and their ●nergiom
correspond to those for the da-excitation of low-lying levels in ge=-
manium isotopes. The high-euorgy sidas of these paaka ●xtend for
-60 keV. and are caused by tho summing of the recoil *nergy from
a Ce(n,n’) reaction with tho de-excitation q ray.la Exempt for tha
peak at and above 834 koV, those sawtooth-shaped peaks in a Ge d*-
toctor should not int~rfora with the major T -ays ●xpected from a
planetary surface. Th high-energy tail B!?ovti834 keV w~ll b. un-
der the inelastic-scattering peaks from Al and F* at 844 and 847 keV,
rospectivoly, Also marked in Fig. 1 irntho psah at 4.438 MaV from
tho 1zC(n,nq)12C reaction. which ham a width of 53 kaV comp~,rsd to
tho 5-kaV width of an adjacent peak from Si. ‘This Doppler b“oadoning
of tho major carbon inolast~c-scattering peak and the low cross soc-

12C(n 7) reaction will maks tho datactlon of carbon in ation for tho ,
planatary ●urface by high-resolution ‘~-rayspcctromoters difficult.

In my 1978 paper on tho fluxom of 7 rays ●xpocted from plalJQ-
tary aurfacos,a I noted that cross sections for tho production of
T rays by nonelastic-scattering reactions war. oftan scarca. usu-
ally tho highast neutron ●]lorgyused in measuring :YO%R soct~ona for
tho production of nonelastic-acattor.ing v rayn in beluw 20 MoV, and
oftor,●om. ●norgios havo not boon mcagurad, much an from =6-13 or
>16 MoV. Fow q-ray-production crosm ccctions havo been measurad for
the proton ●nergios of intgrest (hundreds of Molt to ●evmral GoV),
Recently smvoral irradiations havo boon don. with high-onorgy (<:78
MoV) noutronsi’ and ❑ora aro plannad to mrasuro ouch cross ●octionrn.
Th, lack of good crou- sections for nonol.ustic:-scnttoL-lng roactiona
limlta our ability to calculato tho loakaga fluxoc of su:h q rays,



especially for those q rays made by high-energy particles and that
interfere with inelastic-scattering v rays. For example. the pro-
duction of 1.369-MeV q rays by the 28S.i(n,nC~)24Mg reaction could

24Mg(n,n-y)24Mgreactionstrongly interfere with the signal from the
that is used TO determine magnesium concentrations in a planetary
body .3

RECENT CALCULATIONS OF MARTIAN NEUTRON AND GAMMA-RAY JEAKAGZ FLUXES

In planning for the Mars Observer Gamma-Ray Spectrometer e~er-
iment, calculations have recently been done for the production and
transport of neutronss’l* and ~ raya7 In the martian ~urface and at-
mosphere. All of these calculations included a 16-g/cn2-thick at-
m~aphere (96.7% C02, 2.7% N2, and 1.6% 4cAr) and uqed the composi-
tion of the martian surface soil as determined by the Viking landers.
Much of the emphasis in these calculations has been on the highly-
variable amounts of volatilee (H20 and COZ) that can be present in
or on tho martian surface. The equilibrium distributions of neu-
trons in Mars were calculated using tha 0NEDANT5”S and the ANISN7
ceutron-tranaport codes. The ONEDANT code wan modified to include
the ●ffecte of gravity and the neutron’s beta decay. l~ Neutrons that
escape Mare with E < 0.132 eV arc gravitationally bound, although
some neutrons beta decay before returning to the planet. Neutron-
tranaport calculation done with and without the r-fectu of gravity
showad that gravity increased the flux of neutrons at the top of the
martian titmosphereby =29%, but that the neutron-flux Increaao at
the top of the soil due to gravity was only a few percent.la

Theee calcuJ.ations$17)1eindicate that t,hemartian atmosphere
and th. presence of H20 in or C02 on the martian surface signifi-
cantly affect the distributions of neutrons. Hydrogen rapidly tker-
malizea neutrons and ahifta their depth distributions towards the
surface. Becauee of its low absorption cross section, C02 builds a
large reservoix of low-energy neutrons that can leak back into the
surface.5’lE The neutron count rates e~ected in the GRS’C anti-
coincidence shield are high enough to allow a rapid determination
of the concentrations of H20 and C02 in,and on tho eurface from the
obsorved fluxem and spectral shmpea of the themnal and epithermal
neutrons .5 The depth that H20 is below the nurface can often be de-
termined from tho neutronh and ~-ray’ data. Eoth the meamured ~-ray
and neutron laakago fluxes can be used together to get additional in-
formation on the ccmcentratlon and otratigraphy of Ha17and C02 in the
top meter of the martim surface.

The fluxes from the ANISN nautrnn-trannport calculation we]e
uned to determine the production rates of q rays by nonelaatic-
aiattering and neutron-capture reactions.~ The -yraya made by these
rest-tionsand by the natural dacay of K, Th, U, and their daugh-
ters war. transported through the mmrtian nurfaco and atmosphere to
gat fluxes at the spacecraft. The ~ rays most suitable for detect
ing the expected major elements and the raclioelementnhave etrong
.ncugh leakage fluxes that they should bo dot-actablewith integra-
tion timom of hours to several hundred huurm.’” The determination
of those ●lom.ntn ohould aid in Identification of the major rock



types present and the degree of local and global refractory enrich-
ment. Readily detectable in ~-ray sp6ctra will be S and Cl, which
might be present in surface precipitates or subsurface brines. Be-
sides elemental abundances, the q-ray data can also be used to study
the distribution of hydrogen and C02 in Mars by comparing 7 rays made
by both nonelastic-scattering and neutron-capture reactions with one
element.’

STUDIES OF THE MARTIAN ATMOSPHERE

The martian atmosphere is very interesting in many ways. Its
thickness variea aver a martian year by a factor of -2 as C02 frost
is deposited and sublimed from the seasonal polar caps. The thick-
ness of the atmosphere also varies with location, being the least
over the huge (=z27-km high) volcano Olympus Mona and the greatest
above the x7-lcm deep canyons of Vallea Marineris. These variations
in the atmospheric thickneaa ne6d to ba considered in the neutron and
7-ray transport calculations. Nuclear interactions with the con-
~tituente of the martian atmosphere also could interfere with the q-
ray spectroscopy of carbon. nitrogen, oxygen, and potaaaium in the
nurface. (The first three elements are in both locations, and potaa-
sium IISassayed using the 1.461-MeV 7 ray of 40K, which is from the
decay of the first excited level of 40Ar.) Fortunately, most T rays
made by nonelastic-scattering reactions In tha low density of the at-
mosphere should l~eDoppler broadened20 and thus shouldn’t interfere
with the narrow ~-ray lines that are expecced from moat nonelastic-
acattering reactions in the martian surfaca. A fairly narrow q-ray
line at 6.13 MeV waa seen in a high-resolution Ge(Li) spectrometer at
the top of the Earth’s atmosphere.zl While much of th~a line could
be from the decay of leN, it is nlso possible that it was due to the
v ray at that energy from the ‘eO(n,nq)160 reaction bein~ Doppler-
broadoned to -30 keV.>2 Gamma rays made in the atmOSphelq by tha de-

‘lAr) and by neutron-capture re-cay of radionuclidas (such as 16N and
40Ar) are not expected to be broad-actiona (mainly with nitrogen and

ened significantly.
The leakage fluxes of martian neutrons and 7 rays also can be

used to study the martian atmosphere. T~e martian atmospheric at-
tenuates :he Intenaitiaa of v rays from the martian aurface,23 es-
pecially for enorgiea below -1 M*V, and its thickneaa can be deter-
mined from tha difference in the attenuation of several V-ray lines
with known relative intenmitiea and very different ●nargies. such ao
tha 239 and 2616-keV q raye in tnc thorium chain. Aa the C02 in the
❑artian atmosphere etrongiy ~ffocts the fluxem and spectra of leak-
age nautronu. the neutron data also can monitor atmospheric thick-
neaaea , poas~bly even day-to-l~ight variations as a function of season
and location.fi The !hicknaaa of the Clladoposita at tha soanonal po-
lar caps could ulbo be dotarmined au a function of tima and location
by ‘.;hasetechniquaa. Tho T rays made by neutron-capture reactions
with 40Ar (e.g., the 129.A-keVll,nefrom the decay ~]f4’Ar) and nitro-
gen aloo cculd be used to otudy the martian atmoapharo,



SUMMARY

Future planetary missions to the terrestrial planets and to
small bodies (comets and aeteroids) will have as one of their major
objectives the determination of their chemical composition. Gamma-
ray and neutron spectroscopes are excellent methods far orbital or
in-situ chemical studies of these objects. Such instruments are
scheduled to fly o.nthe Mars Observer Mission and have been tenta-
tively accepted for comet ponetrators. Our ideas for these missions
have changed considerably since the days of the Apollo missions with
their NaI(Tl) q-ray spectrometers. New detector~ (e.g., high-purity
germanium) and techniques (Doppler-filter neutron spectroscopy) are
available, and the new targets are different in many ways fzom the
moon (atmospheres and volatlles). As discussed above, much work, in-
cluding simulation experiments and theoretical calculations. is being
done in planning for upcoming missions.

Several problems have been identified with these futme y-ray
spectroscopy experiments. The hpGe detectors can be fairly easily
damaged by cosmic radiation. Experiment@ to understand how and when
such radiation damage occurs are being done with the goal of minimiz-
ing such effects. The high rernolutionof hpGe ~-raf apactrometers
increases our ability to measure concentrations of moat elements but
means that we must be careful of effects such as Doppler broadening
and interferences to major T-ray llnea from other sources. The l~b-
oratory simulations and theoretical calculation are important. es-
pecially now that we will be going to objects for which we have no
“ground truth” to normalize our maasurementa.

The data obtained from both the q-ray and neutron modes of the
Mars Observer GRS will complement each other, and their use together
will considerably improve the scientific return. Fcr example, the
elemental results from the ‘y-ray spectra are needed to help inter-
pret th~ transport of the Ieakaga neutrons. As neutrons are the ma-
jor aourca of most ~ rays, direct measurement of the neutron leakag~
flux can ajd in interpreting tlfeq-ray data Tho meaaured neutron
and ~-ray fluxes aleo can help to infer the presence of cartain ele-
❑ents not directly observed in the ?-ray epectra, nuch am relatively
high amounta of neutron-absorbing gadolinium and aamrium. The in-
tensity o! the leakage thermal neutrons can be ussd with the fluxes
for the neutron-capture ‘yraya from hydrogen (ratioed to thoao from
Si or Fa) to determine the concentration and atratigraphy of H20 in
the top -100 g cm 2 of the martian surface or the thicknoon of C02
above the m~-tian eurface. Such etudie> of volatilem will be very
important not onl;rfor studies of Mars but also for comets antipoasi-
hly for asteroids and the polar ragione of the moon.
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